lopscience 


iopscience.iop.org 


Home  Search  Collections  Journals  About  Contact  us  My  lOPscience 


Rare  earth  4f  hybridization  with  the  GaN  valence  band 


This  article  has  been  downloaded  from  lOPscience.  Please  scroll  down  to  see  the  full  text  article. 
201 2  Semicond.  Sci.  Technol.  27  1 1 501 7 
(http://iopscience.iop.Org/0268-1242/27/1 1/115017) 

View  the  table  of  contents  for  this  issue,  or  go  to  the  journal  homepage  for  more 


Download  details: 

IP  Address:  131.84.11.215 

The  article  was  downloaded  on  26/10/2012  at  16:33 


Please  note  that  terms  and  conditions  apply. 


Form  Approved 
OMB  No.  0704-0188 


Report  Documentation  Page 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

16  OCT  2012 

2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2012  to  00-00-2012 

4.  TITLE  AND  SUBTITLE 

Rare  earth  4f  hybridization  with  the  GaN  valence  band 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Institute  of  Technology, Department  of  Engineering  Physics, 

2950  Hobson  Way, Wright  Patterson  Air  Force  Base,  Dayton, OH, 45433 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS (ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

Semiconductor  Science  And  Technology,  27  (2012),  7  pages 

14.  ABSTRACT 

The  placement  of  the  Gd,  Er  and  Yb  4f  states  within  the  GaN  valence  hand  has  been  explored  by  both 
experiment  and  theory.  The  4d?4f  photoemission  resonances  for  various  rare-earth(RE)-doped  GaN  thin 
films  (RE  =  Gd,  Er,  Yb)  provide  an  accurate  depiction  of  the  occupied  4f  state  placement  within  the  GaN. 
The  resonant  photoemission  show  that  the  major  Er  and  Gd  RE  4f  weight  is  at  about  5?6  eV  below  the 
valence  hand  maximum,  similar  to  the  4f  weights  in  the  valence  hand  of  many  other  RE-doped 
semiconductors.  For  Yb,  there  is  a  very  little  resonant  enhancement  of  the  valence  band  of  Yb-doped  GaN, 
consistent  with  a  large  4fl4-&#948;  occupancy.  The  placement  of  the  RE  4f  levels  is  in  qualitative 
agreement  with  theoretical  expectations. 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

9 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


IOP  Publishing 


Semiconductor  Science  and  Technology 


Semicond.  Sci.  Technol.  27  (2012)  115017  (7pp)  doi:  10. 1088/0268-1242/27/1 1/1 15017 

Rare  earth  4f  hybridization  with  the  GaN 
valence  band 

Lu  Wang1,  Wai-Ning  Mei1,  S  R  McHale2,  J  W  McClory2,  J  C  Petrosky2, 

J  Wu3,  R  Palai3,  Y  B  Losovyj4  and  P  A  Dowben5  6 

1  Department  of  Physics,  University  of  Nebraska  at  Omaha,  Omaha,  NE  68182-0266,  USA 

2  Department  of  Engineering  Physics,  Air  Force  Institute  of  Technology,  2950  Hobson  Way, 

Wright  Patterson  Air  Force  Base,  Dayton,  OH  45433,  USA 

3  Department  of  Physics  and  Institute  for  Functional  Nanomaterials,  University  of  Puerto  Rico,  San  Juan, 

PR  00931,  USA 

4  The  J.  Bennett  Johnston  Sr.  Center  for  Advanced  Microstructures  and  Devices,  Fouisiana  State 
University,  6980  Jefferson  Hwy,  Baton  Rouge,  FA  70806,  USA 

5  Department  of  Physics  and  Astronomy,  Nebraska  Center  for  Materials  and  Nanoscience, 

Theodore  Jorgensen  Hall,  855  North  16th  Street,  University  of  Nebraska,  PO  Box  880299,  Fincoln,  NE 
68588-0299,  USA 

E-mail:  pdowben@unl.edu 

Received  23  July  2012,  in  final  form  31  August  2012 

Published  16  October  2012 

Online  at  stacks.iop.org/SST/27/1 15017 

Abstract 

The  placement  of  the  Gd,  Er  and  Yb  4f  states  within  the  GaN  valence  band  has  been  explored 
by  both  experiment  and  theory.  The  4d-4f  photoemission  resonances  for  various 
rare-earth(RE)-doped  GaN  thin  films  (RE  =  Gd,  Er,  Yb)  provide  an  accurate  depiction  of  the 
occupied  4f  state  placement  within  the  GaN.  The  resonant  photoemission  show  that  the  major 
Er  and  Gd  RE  4f  weight  is  at  about  5-6  eV  below  the  valence  band  maximum,  similar  to  the  4f 
weights  in  the  valence  band  of  many  other  RE-doped  semiconductors.  For  Yb,  there  is  a  very 
little  resonant  enhancement  of  the  valence  band  of  Yb-doped  GaN,  consistent  with  a  large 
4f14"5  occupancy.  The  placement  of  the  RE  4f  levels  is  in  qualitative  agreement  with  theoretical 
expectations. 

(Some  figures  may  appear  in  colour  only  in  the  online  journal) 


1.  Introduction 

In  recent  decades,  rare  earth  (RE)-doped  semiconductors 
have  generated  interest  due  to  their  applications  in  new 
optoelectronic  devices  [1-4].  Ill-nitride  semiconductors,  such 
as  AIN,  GaN  and  InN  offer  tunable  band  gaps  and  favorable 
thermal,  chemical  and  electronic  properties,  which  facilitate 
various  device  applications  [5-9]  from  the  ultraviolet  through 
the  visible  and  the  infrared  range.  Moreover,  thin  film 
electroluminescent  phosphors  with  red,  blue,  and  green 
emissions  [7-14]  imply  the  promise  of  full  color  (white)  light 
capability.  Rare  earth  (RE)  doping  GaN  might  have  a  number 
of  advantages.  For  example,  there  is  the  promise  that  Eu  or 
Er  doping  of  GaN  will  improve  the  light  output  and  that  the 
different  luminescence  colors  for  the  different  REs  can  be 

6  Author  to  whom  any  correspondence  should  be  addressed. 


utilized.  The  centers  of  luminescence  in  the  RE-doped  GaN 
will  play  a  dominant  role  in  the  light  yield.  Luminescence  due 
to  the  Er  intra-4f- shell  transition  from  the  4Ib/2  excited  state  to 
the  4Ii5 /2  ground  state  is  known  to  be  particularly  intense  and 
above  all,  efficient.  Due  to  their  highly  localized  4f  electrons 
[15-16],  the  direct  f-f  interaction  luminescence  of  rare-earth 
impurities  in  semiconducting  host  materials  is  well  interpreted 
in  terms  of  ionic  models  perturbed  by  the  crystal  field  of  the 
host  [17-18].  What  has  been  less  explored  is  the  influence  of 
the  semiconductor  host  on  the  direct  f-f  transitions  of  an  RE 
dopant  [19-21].  The  hybridization  of  the  4f  states  with  the  host 
material  valence  band  could  be  a  good  indicator  of  changes  in 
the  luminescence  of  the  dopant  as  a  result  of  the  host  material. 

Luminescence  occurs  by  means  of  the  energy  transfer  to  a 
self-trapped  exciton  in  the  GaN  host,  followed  by  radiative 
decay  (annihilation)  [22].  The  color  and  luminescence 
efficiencies  of  these  decays  will  be  affected  by  placement 
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and  hybridization  of  the  RE  dopant  4f  states  within  the 
GaN  valence  and  conduction  bands.  The  carrier  lifetimes  or 
the  decay  times  are  important  in  understanding  of  the  role 
of  the  dopants,  but  are  clearly  not  the  only  factor.  While 
numerous  resonant  photoemission  studies  of  RE  metals  have 
been  reported,  the  resonant  processes  resulting  from  photon 
interaction  with  Ill-nitride  semiconductors  are  significantly 
less  well  understood.  The  4d-4f  photoemission  resonances  for 
various  RE-doped  GaN  thin  films  (RE  =  Gd,  Er,  Yb)  have  now 
been  reported  [23].  Plucinski  et  al  [24]  reported  a  resonant 
photoemission  process  at  the  Ga  3p  absorption  threshold  in 
GaN  and  compared  the  results  to  those  reported  for  GaP  and 
GaAs  [25,  26].  Additionally,  Maruyama  et  al  [27]  reported  on 
Eu:GaN  using  x-ray  photoelectron  spectroscopy  (XPS)  and 
resonant  photoemission  spectroscopy  (RPES)  and  concluded, 
via  4d-4f  resonant  photoemission  measurements,  that  the 
transition  from  trivalent  to  divalent  Eu  ions  occurred  near 
the  surface  of  GaN.  The  key  value  of  resonant  photoemission, 
however,  is  to  probe  which  valence  bands  of  the  semiconductor 
host  have  strong  4f  and/or  RE  weight  [23,  28-30]. 

2.  Experimental  details 

As  previously  described,  the  RExGai_xN  thin  films  (50- 
300  nm)  were  fabricated  on  Si(lll)  (RE  =  Yb,  Gd)  and 
sapphire,  AI2O3  (RE  =  Er)  substrates  by  RF  plasma  (EPI 
620)  assisted  molecular  beam  epitaxy  (MBE)  [23,  31].  The 
growth  parameters  for  the  deposition  of  RE-doped  (in  situ ) 
GaN  thin  films  were  a  base  pressure  of  ~  10“ 11  Torr,  nitrogen 
flux  of  0.75-1.0  SCCM  (Yb,  Gd)  and  2.0  SCCM  (Er),  RF 
power  of  500  W,  substrate  temperature  of  850-900  °C,  Ga 
cell  temperature  of  850  °C  and  RE  cell  temperatures  of  500- 
850  °C  (Yb),  1000-1 100  °C  (Er)  and  1050-1 100  °C  (Gd).  The 
thickness  of  the  films  was  measured  with  a  surface  profilometer 
and  atomic  force  microscopy. 

The  orientation,  crystal  structure  and  phase  purity  of  the 
films  were  established  by  Cu  Ka  (X  =  1.5406  A)  radiation 
x-ray  diffraction  using  a  Siemens  D5000  x-ray  diffractometer. 
The  x-ray  diffraction  (XRD)  pattern  of  Yb-,  Er-  and  Gd- 
doped  GaN  films  show  c-axis  orientation  and  a  high  degree  of 
crystallinity  [23,  31].  The  presence  of  any  secondary  phases  or 
spurious  peaks  has  not  been  observed,  as  described  elsewhere 
[31,  32].  Slight  shifts  in  diffraction  peak  positions  toward 
lower  Bragg  angles  have  been  observed  with  Er-doped  GaN 
grown  on  A1203(000  1)  substrates  and  RExGai_xN  thin  films 
(50-300  nm)  fabricated  on  Si(l  1  1)  (RE  =  Yb,Gd),  which  is 
indicative  of  some  lattice  expansion,  as  expected  [32].  The 
c-axis  length  of  Yb:GaN  was  found  to  be  5.172  A  [32],  which 
is  very  close  to  the  widely  reported  and  accepted  c-axis  length 
(5.166  A)  of  undoped  GaN. 

The  elemental  compositions  of  the  RE-doped  GaN  thin 
films  grown  under  different  conditions  were  characterized  by 
energy  dispersive  spectroscopy  (EDS)  and  a  VG  Microtech 
x-ray  photoemission  system  attached  to  the  MBE  growth 
system  (VG  Microtech).  The  measured  concentrations  were 
found  to  be  at  1-2%,  as  confirmed  from  the  Ga  2p3/2,  Er 
4d,  Gd  4d,  Yb  4d,  and  N  Is  core  level  XPS  intensities  using 
an  AlXa(1486.8  eV)  x-ray  source.  The  typical  values  for  Er 


concentrations  were  found  to  be  ~5%,  higher  than  the  EDS- 
and  XPS -derived  Gd  and  Yb  concentrations.  In  these  RE- 
doped  GaN  samples,  surface  segregation  cannot  be  excluded 
and  may  well  be  likely,  at  least  in  the  selvedge  region  of  the 
surface. 

The  photoemission  experiments  were  conducted  on  the 
3  m  TGM  beamline  [33]  at  the  Center  for  Advanced 
Microstructures  and  Devices  at  Louisiana  State  University 
[34-36].  The  beamline  is  equipped  with  a  photoemission 
endstation  with  a  50  mm  hemispherical  electron  energy 
analyzer,  with  a  resolution  of  about  70  meV,  as  described 
elsewhere  [33,  37].  Photoemission  spectra  were  taken  with  a 
45°  incidence  angle  and  the  photoelectrons  collected  along 
the  sample  normal.  All  spectra  presented  are  normalized  to  the 
photon  flux,  and  the  secondary  electron  background  has  been 
subtracted.  The  position  of  the  Fermi  level  was  established 
using  a  clean  Ta  foil  as  reference.  All  binding  energies  reported 
here  are  with  respect  to  this  common  Fermi  level  in  terms  of 
E-Ef,  so  that  occupied  state  binding  energies  are  negative. 
Energy  distribution  curves  (EDCs)  were  obtained  by  fixing 
the  photon  energy  hv  and  sweeping  electron  kinetic  energy  EK. 
Constant  initial  state  spectra  were  obtained  by  simultaneously 
sweeping  hv  and  EK,  so  as  to  hold  the  binding  energy  fixed. 

Atomically  clean  GaN:RE  surfaces  were  obtained  by 
several  preparatory  cycles  of  Ar+  ion  sputtering  and  annealing, 
as  described  elsewhere  [23,  31,  32].  This  will  create  a  number 
of  point  defects,  but  photoemission  is  generally  insensitive  to 
such  defects.  The  photoemission  spectra  from  the  clean  sample 
surface  indicated  that  the  surfaces  were  free  of  contaminants. 

3.  Density  functional  theory  studies  of  GaN-doped 
with  Gd,  Er  and  Yb 

Our  calculations  are  carried  out  within  density  function  theory 
(DFT)  as  implemented  in  the  CASTEP  code  [38].  The  plane 
wave  basis  set  with  energy  cutoff  around  320  eV,  ultra-soft 
pseudopotential  are  employed  together  with  the  generalized 
gradient  approximation  (GGA)  and  Perdew-Burke-Ernzerhof 
(PBE)  exchange  and  correlation  functional  [39].  In  addition, 
we  utilize  the  ensemble  density  functional  theory  (EDFT) 
[40,  41]  scheme  in  CASTEP  to  overcome  the  convergence 
problem  inherent  in  the  RE  system. 

The  conventional  DFT  often  fails  to  describe  systems  with 
strongly  correlated  d  and  f  electrons.  Here  we  used  DFT+U 
method  for  the  corrections  of  on-site  Coulomb  interactions 
with  the  terms  of  the  effective  on-site  Coulomb  and  exchange 
parameters,  U  and  /,  which  affect  the  placement  of  d  and  f 
electron  states  significantly  and  are  often  adjusted  to  reach 
agreement  with  experiment  in  some  sense.  Here  we  employed 
U  =  6  eV  and  J  —  0  eV  for  4f  electrons  of  Gd,  Er,  and  Yb, 
consistent  with  that  of  U  —  6.7  eV  and  J  =  0.7  eV  previously 
determined  for  gadolinium  metal  [42,  43],  GdX  (X  =  N,  P, 
As,  and  Bi)  [44,  45]  and  the  endofullerene  Gd3N@C8o  [46], 
but  less  than  the  value  of  U  =  7.0  eV  for  GdAuMg  [47], 
U  =  7.6  eV,  J  =  0.6  eV  for  Gd203  [48]  and  the  endofullerene 
Gd@C6o  [49]  and  far  less  than  the  U  =  8.6  eV,  J  =  0.75  eV 
used  for  ErAs  [50].  The  consequence  of  choosing  too  small 
a  value  for  the  effective  on-site  Coulomb  parameter,  U,  will 
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Figure  1.  The  ( a )  geometric  structure,  ( b )  band  structure  and  DOS  of  GdN  bulk. 


{a) 


CGa  • 

Figure  2.  The  optimized  structure  of  (a)  Ga7ErN8,  ( b )  Gal7ErN18, 
as  an  example  to  all  the  rare-earth-doped  GaN  systems  studied. 

be  that  the  calculated  4f  placements  may  have  far  smaller 
binding  energies  in  theory  than  observed  in  the  photoemission 
experiment,  although  the  qualitative  placements  should  be  in 
fact  very  good  indicators  of  experiment.  In  fact,  the  choice  of 
6  eV  as  U  is  the  default  value  for  the  Hubbard  U  in  the  C  ASTEP 
code  (from  La  to  Yb  U  =  6  eV  for  f  electrons),  but  variations 
from  experiment  abound,  as  for  EuAuMg  and  YbAuMg,  U  is 
seen  to  be  7  and  0  eV,  respectively,  for  f  electrons  [47] . 

We  built  the  hexagonal  unit  cell  of  GaN  bulk,  as  showed  in 
figure  1 ,  and  then  we  constructed  2x2x1  and  3x3x1 
supercells  with  one  Ga  atom  substituted  by  Gd,  Er,  or  Yb 
atom  (figure  2),  representing  12.5%  and  5.5%  atomic  doping 
(Ga7RENs  and  GanRENig,  RE  =  rare  earths),  respectively. 
Monkhorst-Pack  [51]  9  x9x5,4x4x  5,  and  3  x  3  x  5 
&-point  grids  were  adopted  for  Brilliouin  zone  sampling  of  the 
unit  cell  of  GaN  and  2x2x1  and  3x3x1  supercells, 
respectively.  Geometry  optimizations  were  performed  for  the 
coordinates  of  the  atoms  and  the  lattice  parameters  until  the 
maximum  force  on  the  atoms  was  less  than  0.03  eV/A  and 
the  maximum  stress  was  smaller  than  0.05  GPa.  Density  of 
states  (DOS)  of  RE  4f  levels  within  the  GaN  host  have  been 
specifically  projected  out  and  presented  on  the  side  of  the 
band  structures  as  shown  in  figures  3-5  and  in  right  panels  in 
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Figure  3.  The  band  structures  of  the  Gd-doped  GaN  (left),  density 
of  states  (DOS)  of  the  rare  earth  Gd  4f  weighted  contributions 
within  the  GaN  host  (right)  for  (a)  Ga7GdNi8  and  ( b )  Gai7GdNi8. 


figures  6-8,  to  demonstrate  their  placements  and  for  use  in 
comparison  with  the  photoemission  spectra. 
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Figure  4.  The  band  structures  of  the  Er-doped  GaN  (left),  DOS  of 
the  rare  earth  Er  4f  weighted  contributions  within  the  GaN  host 
(right)  for  (a)  Ga7ErNi8  and  (b)  Gai7ErNi8. 

Table  1.  Calculated  band  gaps,  supercells,  and  optimized  lattice 
constants  for  pristine  and  doped  GaN.  Note  that  all  the  a  values  of 
the  doped  GaN  are  greater  than  two  or  three  times  that  of  the 
pristine,  yet  the  value  of  c  only  changed  slightly. 


Lattice  (A) 

Band  gap  (eV) 

Supercell 

a 

c 

GaN 

1.58 

lxlxl 

3.23 

5.27 

Ga7GdN8 

1.52 

2x2x1 

6.62 

5.33 

Gal7GdN18 

1.64 

3x3x1 

9.79 

5.28 

Ga7ErN8 

1.48 

2x2x1 

6.63 

5.33 

Gal7ErN18 

1.73 

3x3x1 

9.73 

5.24 

Ga7YbN8 

1.50a 

2x2x1 

6.60 

5.31 

Gal7YbN18 

1.29a 

3x3x1 

9.77 

5.27 

a  Counting  from  the  top  of  the  impurity  band  to  the  bottom 
of  the  conduction  band. 


We  noted  that  the  optimized  lattices  a  of  the  doped  GaN 
with  2  x  2  x  lor3  x  3  x  1  supercell,  listed  in  Table  1,  are 
slightly  larger  than  2  or  3  times  that  of  the  undoped  pristine 
GaN,  thus  bigger  strain  is  expected.  For  the  calculated  band 
structure  of  GaN  bulk,  we  find  it  to  be  a  semiconductor.  Indeed, 
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Figure  5.  Band  structures  of  the  Yb-doped  GaN  (left),  DOS  of  the 
rare  earth  Yb  4f  weighted  contributions  within  the  GaN  host  (right) 
for  (a)  Ga7YbN18  and  (b)  Ga17YbN18. 

all  of  the  RE-doped  GaN  systems  calculated  were  found  to 
be  semiconducting,  except  GayYbNg,  which  we  predict  to  be 
metallic.  The  narrow  4f  bands  generally  have  very  small  band 
dispersion  and  can  be  generally  identified  with  the  help  of 
4f  DOS  in  the  right  panels  and  in  comparison  with  the  band 
structure  of  GaN  bulk. 

4.  Identification  of  the  4f  contributions  to  the  valence 
band  of  doped  GaN 

Resonant  photoemission  is  a  premier  tool  for  identifying  the 
occupied  4f  positions  of  REs  in  the  photoemission  spectra  of 
a  semiconductor  host  [23,  27-30,  48].  Figures  6-8  (doping 
with  Gd,  Er  and  Yb,  respectively)  show  the  valence  band 
photoemission  spectra  at  various  photon  energies  in  the 
vicinity  of  the  respective  RE  dopant  4d  absorption  thresholds. 
For  the  RE  dopants  studied,  resonance  results  from  a  signal 
overlap  between  direct  emission  of  photoelectrons  from  the  4f 
state 

4d104fv  +  hv  -*  4d104fv_1  +  e~  (1) 
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Figure  6.  Energy  distribution  curves  ( a )  of  GaN:Gd  for 
off-resonance  and  on-resonance  photon  energies  of  120  and  148  eV, 
respectively,  while  more  complete  data  sets  are  available  in  [23].  The 
strong,  resonating  surface  (S)  and  bulk  (B)  Gd  4f  components  of  the 
GaN:Gd  valence  band  are  illustrated.  The  4f  component  is  enhanced 
at  the  4d  absorption  threshold  of  148  eY,  as  shown  in  the  difference 
spectrum,  ( b )  together  with  the  calculated  4f  DOS  of  Gai7GdNi8. 

and  Auger-like  electrons  emitted  in  a  super  Coster-Kronig 
process  [52] 

4d"’4fv  +  hv  -*  [4d94fv+l  ]*  4d104f'v_1  +  e~ ,  (2) 

where  []*  denotes  an  excited  state.  The  final  states  for  both  the 
direct  and  recombination  processes  are  identical. 

The  effects  of  band  hybridization  and  dopant-induced 
strain  between  the  various  RE  dopants  and  the  GaN  surfaces  is 
not  identical,  but  the  valence  band  photoemission  spectra  for 
Er-  and  Gd-doped  GaN  are  very  similar  as  seen  in  figures  6 
and  7,  while  for  Yb-doped  GaN,  the  valence  band  is 
significantly  broader  extending  from  —  2  eV  to  nearly  — 14  eV. 
The  spectra  do  change  with  photon  energy  and  significant 
enhancements  of  some  of  the  valence  band  features  are  seen 
at  some  photon  energies  [23]. 

For  Gd-doped  GaN  (GaN:Gd),  figure  6  shows  that  the 
intensity  of  the  spectral  features  with  binding  energies  near 
8-9  eV  below  the  Fermi  level  increase  significantly  at  a  photon 
energy  of  ~  148  eV.  These  intensity  resonances  for  GaN:Gd 
[23]  are  very  similar  to  those  observed  for  Gd2C>3  [48]  and 
Gd-doped  HfC>2  [48,  53].  This  agreement  further  supports  the 
assertion  that  the  GaN:Gd  spectral  features  at  the  bottom  of 
the  valence  band,  in  the  region  of  —9  to  — 10  eV  in  figure  6, 
are  of  strong  Gd  4f  weight  or  represent  bands  that  strongly 
hybridize  with  the  RE.  Not  only  are  the  resonant  photon 
energies  similar,  but  also  the  features  at  the  bottom  of  the 
valence  band  contain  a  strong  feature  at  about  —  8  eV  binding 
energy  and  a  weaker  shoulder  in  the  vicinity  of  — 10  eV  binding 
energy.  This  suggests  a  surface  and  a  bulk  component  for 
the  Gd  in  GaN,  in  spite  of  the  low  Gd  concentrations.  By 
taking  selected  difference  spectra  for  on-  versus  off-resonance 
(figure  6(b)),  the  4f  weighted  DOS  may  be  emphasized.  This 


Figure  7.  Energy  distribution  curves  (a)  of  GaN:Er  for 
off-resonance  and  on-resonance  photon  energies  of  135  and  176  eV, 
respectively,  while  more  complete  data  sets  are  available  in  [23].  The 
strong,  resonating  surface  (S)  and  bulk  (B)  Er  4f  components  of  the 
GaN:Er  valence  band  are  illustrated.  The  4f  component  is  enhanced 
at  the  4d  absorption  threshold  of  176  eV,  as  shown  in  the  difference 
spectrum,  ( b )  together  with  the  calculated  4f  DOS  of  Gai7ErNi8. 


Binding  Energy  (E  -  Ep)  (eV) 

Figure  8.  Energy  distribution  curves  (a)  of  GaN:Yb  for 
off-resonance  and  on-resonance  photon  energies  of  153  and  191  eY, 
respectively,  while  more  complete  data  sets  are  available  in  [23]. 

The  strong,  resonating  surface  Yb  4f  components  of  the  GaN:Yb 
valence  band  are  illustrated.  The  4f  components  are  enhanced  at  the 
4d  absorption  threshold  of  191  eV,  as  shown  in  the  difference 
spectrum,  (b)  together  with  the  calculated  4f  DOS  of  Gai7YbNi8. 

latter  photoemission  evidence  supports  the  placement  of  the 
Gd  4f  states  well  below  the  bottom  of  the  GaN  valence 
band,  in  good  agreement  with  our  expectations  from  theory 
(figure  3),  in  which  we  observe  that  the  4f  levels  are  located 
away  from  majority  of  the  host  valence  bands,  as  seen  in 
figure  6(b).  The  negative  values  for  the  experimental  4f 
DOSs  derived  from  the  difference  spectra  are  a  common 
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artifact  of  obtaining  the  difference  between  photoemission 
spectra  at  one  photon  energy  and  another,  as  there  are  matrix 
element  effect  and  changing  cross-section  of  the  other  valence 
band  photoemission  features  with  photon  energy.  In  spite 
of  the  deficiencies  of  taking  difference  spectra  to  extract 
experimental  Gd  4f  weight,  there  is  general  agreement  with 
expectations  (figure  6(b)). 

Similarly,  for  GaN:Er,  the  valence  band  features,  again 
at  the  bottom  of  the  valence  band  at  binding  energies  of 
roughly  —8.9,  and  —10.7  eV,  strongly  resonate  at  photon 
energies  of  166  and  173  eV  [23].  Figure  7  shows  a  similar, 
albeit  not  identical,  response  for  GaN:Er  compared  to  GaN:Gd 
at  the  photon  energy  characteristic  for  the  Er  4d  — >  4f  super 
Coster-Kronig  resonance  at  a  photon  energy  of  176  eV.  As  with 
the  GaN:Gd  thin  film,  the  spectral  feature  at  an  approximate 
binding  energy  of  —  9  eV  in  GaN:Er  resonates  in  the  range  of 
the  Er  4d  absorption  threshold.  This  is  particularly  clear  in  the 
difference  spectra  for  on-  versus  off-resonance  (figure  1(b)), 
where  again  the  4f  weighted  DOS  is  emphasized.  Again,  the 
negative  values  for  the  experimental  4f  DOS  derived  from 
the  difference  spectra  are  a  common  artifact.  Judging  by  the 
placement  of  the  occupied  4f  states  in  the  photoemission 
spectra  taken  from  ErAs  [50] ,  we  would  expect  4f  contributions 
at  both  the  bottom  and  the  top  of  the  of  the  valence  band 
of  GaN.  The  region  of  4-6  eV  binding  energy  should  be 
dominated  by  the  4f7/2  (mainly  the  5Ig  and  5I7  multiplet 
components  [50,  54,  55]),  while  the  bottom  of  the  valence 
band  should  be  dominated  by  the  4f5 /2  (mainly  the  3M10  and 
3L9  multiplet  components  [50, 54, 55],  although  there  are  many 
others).  In  fact,  this  expectation  is  also  born  out  by  our  density 
function  theory  model  calculations  (figure  4)  which  show 
some  of  the  4f  levels  mixed  with  the  valence  and  conduction 
bands,  yet  there  are  some  that  reside  below  the  valence  bands. 
The  answer  for  why,  in  fact,  this  is  not  observed  in  the 
photoemission,  no  doubt,  partly  lies  in  the  fact  that  there  is 
strong  hybridization  of  some  of  the  4f  components  with  the 
N  2p  and  Ga  4p  bands,  as  observed  for  ErAs  [50].  In  fact, 
the  4f  placement  in  experiment  at  greater  binding  energies 
than  expected  from  theory  (figure  1(b))  also  suggests  that  this 
system  may  have  higher  4f  correlation  energies  than  we  would 
otherwise  anticipate,  and  perhaps  closer  to  the  value  of  8.6  eV 
used  previously  with  ErAs  [50],  as  noted  above. 

Although  much  weaker  than  the  resonant  enhancements 
observed  for  GaN:Gd  (figure  6)  and  GaN:Er  (figure  7),  there 
is  a  resonant  enhancement  in  the  valence  band  for  GaN:Yb, 
particularly  in  the  region  of  —6  to  —7  eV  binding  energy, 
as  plotted  in  figure  8.  Figure  8  (GaN:Yb)  illustrates  that 
the  intensity  of  photoemission  features  at  binding  energies 
of  ~3,  ~7  and  ~10  eV  increase  slightly  at  photon  energies 
corresponding  to  the  Yb  4d  core  in  the  vicinity  of  191  eV. 
Although  Yb  metal  should  have  an  electronic  configuration 
of  4d104f14,  such  that  an  exited  4d  electron  has  no  unfilled 
4f  state  to  occupy,  partial  4f  occupancy  is  still  possible. 
Previous  experimental  results  [56,  57],  using  the  oxidation- 
induced  valence  change  for  Yb  (4f14-4f13),  determined  that 
the  data  for  Yb2C>3  were  well  described  by  Fano’s  theory 
of  interaction  between  discrete  and  continuum  states.  The 
depletion  of  the  4f  occupancy  appears  to  be  related  to  a 


strong  hybridization  with  the  GaN  lattice  as  seen  in  the 
band  structure  calculations  for  Gai7YbNig,  as  well  as  in  the 
4f  partial  DOS  (figure  5(&))  obtained  from  the  difference 
spectra  for  on-  versus  off-resonance  (figure  8 (b)),  where  again 
the  4f  weighted  DOS  is  emphasized.  As  seen  in  the  band 
structure  calculations  for  GanYbNig,  as  well  as  in  the  4f 
partial  DOS  (figure  5(b)):  almost  all  the  4f  levels  hybridize 
with  the  host  valence  bands,  and  only  a  few  appear  in 
the  band  gap.  This  depletion  of  Yb  4f  filling,  from  4f14  due 
to  strong  hybridization  with  the  host  GaN,  results  in  the 
weak  photoemission  resonance  in  the  expected  location  of  the 
Yb  4f  multiplets  [23].  These  weak  photoemission  resonance 
effects  are  consistent  with  our  expectations  of  strong  Yb 
hybridization  with  the  host  lattice.  The  Yb  4f  placement  within 
the  GaN  valence  band  does  differ  from  what  is  expected,  but 
multiconfigurational  final  states  and  shake  up  features  are 
possible  in  photoemission  and  would  not  be  apparent  in  a 
ground  state  calculation.  There  is  also  the  possibility  that  we 
have  hugely  underestimated  the  Yb  4f  correlation  energies 
needed,  and  although  the  choice  of  correlation  energies  seems 
reasonable,  this  possibility  cannot  be  completely  excluded,  in 
spite  of  a  choice  of  a  U  =  0  eV  chosen  for  YbAuMg  [47].  A 
choice  of  a  larger  correlation  energy  would  have  also  improved 
agreement  between  experiment  and  theory  for  GaN:  Er  and 
GaN:  Gd,  as  noted  above. 

5.  Summary 

We  find  that  the  occupied  rare  earth  4f  states  are  seen  to  be 
detached  from  the  bottom  of  the  GaN  valence  band  during 
Gd  doping.  Yet  some  of  the  Er  4f  levels  mingle  with  the 
valence  and  conduction  bands  of  the  host  GaN,  and  few  4f 
levels  remain  still  located  below  the  valence  bands.  Only  when 
doped  with  Yb,  we  note  nearly  all  the  4f  levels  hybridize 
with  the  GaN  valance  bands  and  a  few  show  up  in  the  band 
gap,  which  leads  to  some  depletion  of  the  4f14  occupancy. 
Overall  we  interpret  the  rare  earth  4f  state  placement  based 
on  the  combined  results  of  the  photoemission  and  electronic 
structure  calculations  as  contributing  to  the  f-f  transition 
spectral  broadening  would  take  place  in  Er-  and  Yb-doped 
GaN  due  to  the  strong  hybridization  of  the  GaN  matrix  with 
the  imbedded  rare  earth  4f  states. 
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